We present a 2-yr time series of the oxygen isotopic composition of dissolved inorganic phosphate (d 18 O p ) in Monterey Bay, California. d 18 O p can serve as a proxy for phosphate utilization because its approach toward isotopic equilibrium is a function of the degree of biological phosphate cycling. When phosphate is extensively cycled by the biological community in the euphotic zone, the d 18 O p approaches isotopic equilibrium with surrounding water. Our results indicate that d 18 O p in the upper water column is consistently out of isotopic equilibrium with respect to seawater and fluctuates between the equilibrium value and the isotopic signatures of phosphate sources. This suggests that either phosphate is not extensively utilized or that the input of new phosphate to the bay exceeds the requirements of the biological community. d 18 O p is variable and linked to episodic upwelling events and the biotic response to these events. The greatest percent of phosphate oxygen exchange, and thus the greatest phosphate utilization relative to input, occurs at the locus of upwelling (Sta. M1), followed by the offshore (M2) and nearshore (C1) stations, respectively. During the highly productive upwelling season, phosphate turnover is greater than in the winter. Episodes of higher phosphate turnover, as indicated by peaks in d 18 O p , occur simultaneously throughout the upper 200 m of the water column and at all three stations, indicating that these events affect the bay on a large scale. d 18 O p data also suggest that deep water (.500 m) may be a source of phosphate to the euphotic zone in Monterey Bay.
Eastern-boundary upwelling systems, like that of the California coast, represent a small percentage of the world ocean surface area but possess the highest levels of primary production (Chavez and Toggweiler 1995; Toggweiler and Carson 1995) . Primary production rates in these systems are typically 3-5 times greater per unit area than in open ocean systems (Berger et al. 1989) and are fueled by upwelling events that supply nutrients to the euphotic zone (Pennington and Chavez 2000) . Because phosphorus (P) is a required element for life, its availability can impact primary production rates as well as species distribution and ecosystem structure (Smith 1984; Sharp 1991; BenitezNelson 2000) . Accordingly, studies of P turnover in coastal upwelling regions are necessary to increase understanding of the biogeochemical cycling of this important nutrient as well as the coupling of the P cycle with biological productivity.
Previous workers have used cosmogenic isotopes ( 33 P and 32 P) to study P turnover in the coastal ocean (Lal and Lee 1988; Benitez-Nelson and Buesseler 1999) . Their results indicate that P recycling rates are rapid (less than a day to two weeks) and seasonally variable, which suggests that low P concentrations can support relatively high primary production. There is also evidence that P can be preferentially remineralized from both particulate and dissolved organic matter in the water column (Clark et al. 1998; Loh and Bauer 2000; Paytan et al. 2003) . More specifically, certain organic P compounds are preferentially remineralized in sinking particulate matter and the hydrolysis of organic P occurs throughout the water column, although more prevalently in shallow depths (Paytan et al. 2003; Faul et al. 2005) .
Because P has only one stable isotope, P stable isotope ratios cannot be used for studies of nutrient sources, cycling, and utilization. However, most of the P found in nature is strongly bound to oxygen (O), which has three stable isotopes; hence, phosphate (PO 3{ 4 ) can be analyzed for d 18 O. The P-O bond in phosphate is resistant to inorganic hydrolysis and, at the temperature and pH of most ecosystems, phosphate does not exchange oxygen with water without biological mediation (Longinelli et al. 1976; Blake et al. 1997; O'Neil et al. 2003) . Thus, any observed variability in the oxygen isotopic composition of phosphate will either reflect mixing of isotopically distinct sources of phosphate or the alteration of the phosphate d 18 O as the result of the exchange of oxygen during the cycling of phosphate through living cells (i.e., biological uptake, utilization, and subsequent release). In the latter case, each time a phosphate molecule is cycled (processed by enzymes), phosphate oxygen will be replaced from water, ultimately resulting in isotopic equilibrium with the surrounding water at the temperature of reaction.
The equilibrium d 18 O p resulting from the biological cycling of phosphate can be calculated from the temperature and the oxygen isotopic composition of the environmental water using the empirically derived fractionation equation between phosphate and water developed by Longinelli and Nuti (1973) :
where T is the environmental temperature, d 18 O p is the isotopic composition of the phosphate, and d 18 O w is the isotopic composition of the environmental water. A similar equation was derived by Blake et al. [1997] for phosphate extracted from microbial cultures.
The deviation from the isotopic composition of the source value (riverine phosphate or deep-water phosphate in the case of Monterey Bay) toward the expected equilibrium value (calculated from Eq. 1 or 2) can be used to determine the extent of phosphate cycling in the system. Greater cycling compared to new phosphate input will result in a d 18 O p closer to the equilibrium value, whereas less cycling will result in a value closer to the source d 18 O p .
Results of several laboratory studies characterizing the exchange and fractionation of phosphate oxygen isotopes suggest that the d 18 O p of dissolved inorganic phosphate (DIP) could be used to evaluate the degree of cycling of the DIP pool (Blake et al. 1997; Blake et al. 1998; Paytan et al. 2002; Blake et al. 2005) . Enzyme-mediated turnover of phosphate and the microbially mediated degradation of organic matter demonstrated that a significant exchange of oxygen isotopes between phosphate and water accompanies the hydrolytic cleavage and metabolism of both organically bound phosphate and inorganic orthophosphate (Blake et al. 1997) . Bacterial metabolic processes have also been found to significantly alter the d 18 O p of DIP in laboratory culture experiments, even when phosphate concentrations were high (Blake et al. 1998 ). Furthermore, results of an algae culture experiment indicate that intracellular oxygen isotope exchange between phosphorus compounds and water is very rapid (Paytan et al. 2002) .
Phosphate oxygen isotope fractionation has been observed, in both microbial culture experiments and in cellfree systems, where specific enzymes were used . Intracellular phosphate cycling by inorganic pyrophosphatase results in the temperature-dependent, equilibrium oxygen isotope fractionation (Eq. 1), which imparts the equilibrium d 18 O p on phosphate cycled within cells. In contrast, extracellular phosphate regeneration by alkaline phosphatase (e.g., conversion of organic phosphate-monoester to inorganic phosphate) is accompanied by disequilibrium isotope effects (both kinetic effects and inheritance of phosphate oxygen from hydrolyzed phosphomonoesters) in the inorganic phosphate released into the system . However, the equilibrium isotope effects associated with intracellular phosphate cycling are expected to dominate in natural systems, particularly those that are not phosphate limited ).
There are relatively few studies assessing the d 18 O p in aquatic ecosystems. Pioneering work by Longinelli et al. (1976) found no variation in the d 18 O p of DIP in seawater or of marine organism soft tissue with either depth or latitude in the Atlantic and Pacific Oceans, although there was a significant difference between the two ocean basins. The d 18 O p values were thought to reflect kinetic-biological isotopic fractionation. However, Longinelli et al. (1976) extracted P from seawater without prefiltration and used iron-coated fibers that absorb inorganic and organic P, and such complications may confound interpretation of their results ). More recently, Colman (2002) (Colman et al. 2005) .
In (Fig. 1) . Monterey Bay experiences seasonally high primary productivity associated with upwelling during the spring and summer months (''upwelling season''), transitioning toward lower levels of primary productivity during the fall/ winter months (''winter season'') when upwelling-favorable winds relax (Rosenfeld et al. 1994; Chavez 1996) . However, upwelling events are not continuous throughout the spring and summer, and consequently the ecosystem experiences intercalated events of upwelling and relaxation that can last up to 3 weeks (Dugdale and Wilkerson 1989) .
High primary production and chlorophyll concentrations are observed during episodic phytoplankton blooms within the bay, typically during the spring and summer and occasionally in the fall when nutrient concentrations are highest (Pennington and Chavez 2000) . Phytoplankton communities in the bay are dominated by larger cell-sized species (.5 mm), particularly during periods of high productivity (Wilkerson et al. 2000) . A model of plankton dynamics of the bay suggests that a large proportion of the daily phytoplankton growth is ungrazed in the mixed layer and is advected downstream and offshore away from the production site (Olivieri and Chavez 2000) . Nutrient enrichment (grow-out experiments) conducted within the Monterey Bay indicated that additions of nitrate provided the most potential for growth and biomass accumulation and although silica did not limit biomass accumulation, silica additions did modify the uptake rates of nitrogen . Furthermore, P addition did not have significant effects. These experiments suggest that the phytoplankton population as a whole is largely not Plimited although certain species in the Monterey Bay phytoplankton community may be (Nicholson et al. 2006) .
Phosphate in the euphotic zone in Monterey Bay has two primary sources: terrestrial phosphate, from surface-water runoff and dust deposition, and oceanic phosphate, from advection, eddy diffusion, and seasonal upwelling (Olivieri and Chavez 2000) (Fig. 2) . The d 18 O p observed in Monterey Bay at any given time will represent the balance between the input flux from the various phosphate sources and the degree of cycling (biological turnover and reuse of phosphate) within the euphotic zone (e.g., phosphate utilization rate). (Fig. 1) . The temporal distribution of sampling was skewed toward the summer months as a result of inclement weather in the winter and scheduling conflicts. The measurements made at each station are the same as those described by Pennington and Chavez (2000) and consisted of conductivity, temperature, and depth (CTD) casts made to 200 m with a Sea-Bird 911 CTD mounted on a General Oceanics 12-place rosette with 5-liter Niskin bottles. Conductivity and temperature sensors are calibrated annually.
Materials and methods
Chlorophyll a (Chl a) concentration (mg chl m 23 ) was measured by a modified fluorometric procedure in which plant pigments were filtered onto 25-mm Whatmann GF/F filters, extracted in acetone in a freezer overnight, and measured on a Turner Designs Model-10 fluorometer calibrated with a commercial Chl a standard (Pennington and Chavez 2000) . Approximately 10 mL of water was collected for dissolved nutrient concentrations from each depth, frozen, and analyzed on an Alpkem autoanalyzer (Pennington and Chavez 2000) . Water samples for isotope analysis were collected from four depths (10 m, 40 m, 100 m, and 200 m) at each station, although on occasion the shallower depths did not contain enough phosphate for analyses in the volume collected. In addition, water samples were collected on separate sampling trips to Moss Landing Harbor and from depths of 500 m and 800 m in the bay at Sta. M1. For each sample, 8 liters of water were collected in high-density polyethylene (HDPE) bottles and processed for d 18 O p analysis. DIP was stripped from seawater by adding 1 mol L 21 sodium hydroxide to each sample immediately after collection and rigorously shaking (Karl and Tien 1992; Thomson-Bulldis and Karl 1998) . Magnesium hydroxide floc was allowed to settle for 1 h before supernatant was siphoned off, leaving approximately 1-2 liters of floc in seawater. Post cruise, magnesium hydroxide floc was stored in a cold room (4uC) overnight before being processed to silver phosphate according to the method of McLaughlin et al. (2004) (Fig. 3) . The highest d 18 O p values approached but were always less than the predicted equilibrium value (Fig. 3) . In fact, the d 18 O p values measured in the bay throughout this study were consistently lower than values expected from equilibrium (Fig. 3) . The lowest values in d 18 O p throughout the time series (approximately 17%) occurred as distinct minima during the upwelling season and were similar to d 18 O p of samples collected in the bay at depths of 500-800 m and were also similar to d 18 O p of the Moss Landing Harbor samples taken at low tide, when the terrestrial signature is most pronounced (Fig. 3, Table 2 ). The d 18 O p of the harbor sample at low tide and the 500-800-m samples were analytically indistinguishable, although they are produced independently (e.g., do not represent the same water mass or phosphate source). Most of the observed d 18 O p values during the time series fall between the source (e.g., terrestrial/deep water) value and the equilibrium value (Fig. 3) . Maxima and minima in the d 18 O p time series usually appeared simultaneously at all depths and at all stations (Fig. 3) followed a pattern similar to that of the smoothed upwelling index for Monterey Bay (Fig. 3) , particularly at Sta. C1 within the bay. Surface-water Chl a concentrations at each of the stations also traced a pattern similar to the Monterey Bay upwelling index (Fig. 4) (Pennington and Chavez 2000) will also tend to increase the observed d 18 O p because this will bring remineralized phosphate back to the surface for additional cycling within the euphotic zone. A loss of phosphate from the surface waters through packaging as particulate organic phosphate or through advection/diffusion of dissolved P out of the system will tend to lower the d 18 O p of the surface waters by removing phosphate before it has been extensively and repeatedly cycled. Our results indicate that the d 18 O p within the upper 200 m always lies between the source values and the expected equilibrium value. These represents deviations from the source signal toward equilibrium via phosphate utilization and cycling. In a system that is not phosphate limited and where phosphorus in the surface waters is never depleted, phosphate may not be extensively cycled (e.g., repeatedly utilized by the biomass) resulting in variability in the isotopic ratios because of different degrees of approach toward isotopic equilibrium. In other words, the observed d 18 O p values at any time represents the balance between the input flux from the various sources and the degree of cycling (turnover and reuse of phosphate) within the euphotic zone (e.g., phosphate utilization rate). The deviations of d 18 O p in Monterey Bay from isotopic equilibrium is in contrast to d 18 O p measured in lownutrient open ocean sites where P is more extensively cycled within the euphotic zone, and the values are higher and much closer to those expected from isotopic equilibrium with seawater (Colman et al. 2005) . This indicates that coastal ocean phosphate cycling (utilization) is typically lower and more variable both spatially and temporally than in the open ocean.
If phosphate is heavily utilized in the euphotic zone it will be extensively cycled intracellularly and the d 18 O p will achieve isotopic equilibrium. This will result in a correlation between d 18 O p and temperature (and d 18 O w ) according to Eq. 1. The relatively large differences between the observed d 18 O p and the expected equilibrium d 18 O p are indicative of incomplete cycling of phosphate (Fig. 3) . The closest that the observed d 18 O p approaches the equilibrium value is still lower than the expected equilibrium value, suggesting that even during the maximum cycling and utilization of phosphate in the Monterey Bay, the complete exchange of oxygen isotopes of phosphate is not obtained.
We would expect that when or where phosphate concentrations are low compared to demand phosphate cycling will be the most extensive and d 18 O p will be closer to equilibrium (in this case higher relative to the source). In such cases, a negative correlation between d 18 O p and phosphate concentration and possibly a positive correlation with Chl a concentration may be expected. Although the d 18 O p values closest to equilibrium were associated with periods of high productivity, consistent correlations between Chl a or phosphate concentrations and d 18 O p were not observed. This indicates that phosphate is not heavily cycled through the biomass in the euphotic zone (e.g., phosphate is not limiting). In this case, the DIP retains some residual signature of the isotopic composition of its source, which is independent of phosphate and chlorophyll concentrations in the euphotic zone.
Assuming that the source signal is approximately 17.7% (the average of the harbor-water DIP and deep-water DIP signatures) and that phosphate that has been extensively cycled will approach the expected equilibrium value (23.1% 6 0.6% on average), the degree of oxygen isotopic exchange can be calculated by mass balance using the following equation.
Percent Phosphate Oxygen Exchangẽ
Using this equation, we determined that Sta. M1 had the greatest average annual percent oxygen exchange (58%) followed by M2 (47%) and C1 (40%) (Fig. 5 ). In addition, we observed that phosphate turnover and cycling is greater during the upwelling season relative to the winter season, as indicated by an increase in the percent oxygen exchange of 15% at C1, 8% at M1, and 9% at M2 from the winter season to the upwelling season. This suggests that, although there is more phosphate input to the system during the upwelling season, there is even more phosphate demand. Consequently, phosphate is more extensively cycled within the biological community than during the winter period, and the percent oxygen exchange values increase accordingly. It is also possible that the nutritional phosphate demand and/or phosphate uptake and storage of the resident phytoplankton changes seasonally because of changes in species distribution or physiology, resulting in variable phosphate cycling rates. Interestingly, although the greatest percent exchange occurs during the upwelling season (up to 90% phosphate oxygen exchange at times), there are also events of near zero percent exchange during this same season (Fig. 5) . This implies a lag in the response of the biomass to the onset of phosphate influx, resulting in periods of relatively low phosphate utilization.
Temporal and spatial variability-d 18 O p varies seasonally, approaching isotopic equilibrium episodically particularly during the upwelling period. Although data from the winter months are sparse, if we assume the winter data are representative, we can make some generalizations about temporal variability in phosphate cycling in Monterey Bay. Phosphate d 18 O is lower than the expected equilibrium values and somewhat less variable during the winter months. This is when net productivity in the bay is depressed because of increased mixing and light limitation (Pennington and Chavez 2000) . The decrease in demand for phosphate relative to phosphate input, primarily riverine during the winter, results in reduced phosphate turnover relative to input within the upper 200 m during this period (e.g., lower phosphate utilization rates).
In contrast, the upwelling season is marked by episodic maxima and minima in the d 18 O p within the bay. Increased nutrients, sunlight, and some degree of water column stratification result in higher primary productivity during the upwelling season (Pennington and Chavez 2000) . Service et al. (1998) found that the upwelling plume reaches M1 approximately 3 d after the winds in the Monterey Bay start to blow from the northwest and photosynthetically available radiation increases. Four days after the upwelling plume reaches M1, productivity peaks (Service et al. 1998) . Because of the lag between the onset of upwelling-favorable winds and the peak in productivity at M1 and because Monterey Bay is not a phosphate-limited system (Kudela and Dugdale 2000), we did not expect to see a strong linear correlation between the upwelling index and d 18 O p . However, the observed phosphate d 18 O does show a pattern similar to that of the upwelling index (Fig. 3) . d 18 O p approaches, but is still lower than the value expected from equilibrium during periods of increased upwelling and productivity (thus increased P demand) and tends to decrease (i.e., less demand relative to input) when productivity-associated P demand is lower. Pennington and Chavez (2000) note that phytoplankton blooms within the bay are episodic, thus the observed pattern of phosphate d 18 O is most likely linked to periods of increased phosphate turnover related to these episodic blooms. Increases in chlorophyll concentration and productivity are tied to upwelling events (Fig. 4) , and maxima in d 18 O p occur concurrently with increases in chlorophyll concentration following the onset of upwelling (Figs. 3, 4) . Minima in the phosphate d 18 O seem to correspond to decreases in surface-water chlorophyll concentration and lag the decreases in the upwelling index. These minima in the d 18 O p may be associated with an influx of phosphate to the system from deeper waters (500-800 m) not accounted for in the upwelling index, which corresponds to wind-driven upwelling from Ekman transport from ,100-m depth (Rosenfeld et al. 1994) . Thus, we speculate that increased P input from deep water relative to demand during the relatively lower productivity periods is the cause for the episodic low d 18 O p values. This may also suggest that the biotic response via increased productivity at times lags the upwelling of nutrients to the euphotic zone.
Sta. M1, which lies directly within the upwelling plume (Service et al. 1998; Pennington and Chavez 2000) , has a slightly but significantly higher d 18 O p than either C1 or M2, both of which are away from the upwelling center (Table 1) . During an upwelling event, water from approximately 100 m is brought to the surface (Rosenfeld et al. 1994) . The DIP at 100 m has been remineralized from surface-water particulate phosphate and re-enters the system to be cycled again in the surface waters. This would explain the somewhat higher phosphate d 18 O values within the upwelling plume. However, the surface-water circulation in Monterey Bay does move water away from M1 toward both C1 and M2 (Breaker and Broenkow 1994) . Thus, one might expect both C1 and M2 to have higher d 18 O p values relative to M1 because phosphate advected from M1 toward C1 and M2 would have more time to be utilized and turned over by the biomass and thus shift further toward equilibrium. However, this is not observed, and we offer several possible explanations for this pattern. The first possibility is that phosphate utilization relative to deep-water phosphate input (with a lower d 18 O p ) is slightly greater at M1 relative to C1 and M2. It is also possible that C1 and M2 receive more deep-water phosphate (via advection and eddy diffusion), whereas M1 receives more of its phosphate from waters upwelled from 100 m (with higher d 18 O p ). Alternatively, or in addition to the above possibilities, the export flux of phosphate as particulate organic phosphate may be slightly larger at C1 and M2 relative to M1, which would remove a greater amount of phosphate from surface waters before it can be more completely cycled. The stronger upwelling jet operating at M1 may weaken the export flux at this station relative to C1 or M2 (Rosenfeld et al. 1994; Olivieri and Chavez 2000) , lending credibility to this last option. On average C1 has the greatest Chl a concentrations and M2 has the lowest concentration of phosphate, both of which would be predicted to result in increased phosphate turnover and increase d 18 O p (which is not supported by the data). Thus, the cause of the slightly lower d 18 O p values at C1 and M2 may result from a combination of the latter two possibilities.
In summary, the oxygen isotopic composition of phosphate within the upper 200 m of the water column in Monterey Bay is consistently out of isotopic equilibrium with respect to seawater at the measured water temperature and fluctuates between the equilibrium value and the isotopic signatures of the DIP sources. During the upwelling season, the d 18 O p is slightly higher (closer to equilibrium) than the non-upwelling season. This is a result of one or a combination of three mechanisms: (1) rapid and extensive phosphate cycling during the productive upwelling season resulting in an approach toward the equilibrium value, (2) less input of phosphate with a lower d 18 O p from either terrestrial or deep-water phosphate sources, and (3) lower phosphate export from surface waters resulting in a longer residence time in the euphotic zone and allowing more time for phosphate turnover to occur. Based on our understanding of the oceanography in Monterey Bay, the first of these explanations is most likely. None of the stations at any point during the time series reached isotopic equilibrium with surrounding water. Thus, there is generally less phosphate turnover relative to input in these coastal waters compared to low-nutrient open ocean sites where phosphate is approximately in equilibrium with the surrounding water (Colman et al. 2005) .
